We report that L-cell-conditioned medium (LCM) transforms porcine cerebral microvascular (PCMV) endothelial cells into cells with macrophage-like properties. LCM is known t o contain both cytokine(s) and the L-cell virus, a murine retrovirus found in the L929 cell and LCM. Our evidence suggests that both LCM cytokine(s) and the L-cell virus are involved in this PCMV endothelial cell transformation. Criteria for transformation include focus formation, decreased serum requirements for growth, changes in morphology including nonadherence, propagation in suspension culture, and a decreased growth response t o stimulation with a known endothelial cell mitogen. Macrophage-like characteristics of this transformed cell, designated as RWE, include pinocytosis of low-density lipoprotein, Fc receptor-mediated phagocytosis, phagocytosis of bacteria and zymosan, the expression of macrophage enzyme markers, and constitutive production of colony-stimulating factor 1. However, the ICROVASCULAR endothelial cells have the capac-M ity to self-organize, forming capillary-like cords in three-dimensional space.',* During this remarkable morphogenesis, porcine cerebral microvascular (PCMV) endothelial cells migrate en masse, showing a high degree of morphologic plasticity.* In addition, once in a capillary-like morphology, cells in the interior of the structure appear to undergo a cell-selective autolysis with the resulting formation of lumina. Together, these events suggest that, during morphogenesis, PCMV endothelial cells diversify phenotypically.
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We report that L-cell-conditioned medium (LCM) transforms porcine cerebral microvascular (PCMV) endothelial cells into cells with macrophage-like properties. LCM is known t o contain both cytokine(s) and the L-cell virus, a murine retrovirus found in the L929 cell and LCM. Our evidence suggests that both LCM cytokine(s) and the L-cell virus are involved in this PCMV endothelial cell transformation. Criteria for transformation include focus formation, decreased serum requirements for growth, changes in morphology including nonadherence, propagation in suspension culture, and a decreased growth response t o stimulation with a known endothelial cell mitogen. Macrophage-like characteristics of this transformed cell, designated as RWE, include pinocytosis of low-density lipoprotein, Fc receptor-mediated phagocytosis, phagocytosis of bacteria and zymosan, the expression of macrophage enzyme markers, and constitutive production of colony-stimulating factor 1. However, the ICROVASCULAR endothelial cells have the capac-M ity to self-organize, forming capillary-like cords in three-dimensional space.',* During this remarkable morphogenesis, porcine cerebral microvascular (PCMV) endothelial cells migrate en masse, showing a high degree of morphologic plasticity.* In addition, once in a capillary-like morphology, cells in the interior of the structure appear to undergo a cell-selective autolysis with the resulting formation of lumina. Together, these events suggest that, during morphogenesis, PCMV endothelial cells diversify phenotypically.
Incubation of normal bone marrow cells with L-cellconditioned medium (LCM) can elicit a transformed and immortalized population of cells that express some properties of normal macrophage^.)'^ This effect is postulated to be because of the macrophage colony-stimulating factor (CSF-1) found in LCM? As several reports indicate that L-cell lines harbor the murine retrovirus, the L-cell virus,"" we considered the possibility that the bone marrow-tomacrophage transformation and immortalization observed might involve not only CSF-1, but the L-cell virus as well.
transformed cell retains several properties of the nontransformed cell including the expression of FVIIkRAg and in vitro self-organization into capillary-like structures. Cloning of R W E cells clearly shows that both macrophage-like and cerebral microvascular endothelial cell properties are present in the same cell. During self-organization, nontransformed cells express morphologic and functional characteristics classically associated with the macrophage. These findings suggest that some brain capillary pathophysiologies could involve macrophage-like cerebral microvascular endothelial cells. Furthermore, the "reticuloendothelial" phenotypic repertoire expressed by this transformed cerebral microvascular endothelial cell may show that the cerebral capillary endothelial cell in vivo is derived from a hematopoietic and/or phagocytic precursor. This is a US government work. There are no restrictions on its use.
Previous studies show that cell-surface receptors may facilitate viral entry into the host cell.''-'3 Accordingly, LCM might transform and immortalize bone marrow cells by CSF-1 regulated, cell-surface receptor-facilitated L-cell viral entry into the host cell.
We hypothesized that LCM might elicit phagocytic or macrophage-like properties in other cell types of mesenchymal origin. We emphasize use of the term macrophage-like to avoid confusion with the monocyte-derived macrophage. Therefore, we incubated PCMV endothelial cells with LCM to evaluate the possibility of producing a PCMV endothelial cell line(s) that expressed macrophage-like characteristics. However, the mechanism of LCM-mediated transformation and immortalization of other mesenchymal elements such as the cerebral microvascular endothelial cell might differ from that of LCM-mediated bone marrow cell-to-macrophage transformation and immortalization. Accordingly, we attempted to define (1) the roles of LCM cytokine(s) and/or L-cell retroviral infection in any LCMmediated PCMV endothelial cell transformation observed, and ( 2 ) macrophage-like characteristics of the PCMV endothelial cells so transformed.
MATERIALS AND METHODS
Culture of PCMV endothelial cells. Capillaries were isolated from porcine cerebral cortex and PCMV endothelial cells were propagated as previously described? Standard medium consisted of M199 (Quality Biological, Gaithersburg, MD) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Hyclone, Logan, UT) and 0.8% (vol/vol) retinal-derived growth factor (RDGF).I4 All culture incubations were in 95% air/5% CO, at 37°C.
PCMV endothelial cells (> 12 passages) in monolayer were incubated with standard medium supplemented with 20% (vol/vol) of a 5-day-old culture supernatant of L929 cells that had been passed through a 0.22-pm Millipore filter (Millipore, Bedford, MA). The cells were fed twice weekly with fresh, 5-day-old LCM. After 14 to 18 days, foci of cells with characteristics of transformation, ie, nonadherence, multinucleation, and apoptosis, were observed in culture. Nonadherent, transformed cells were separated from adherent, nontransformed PCMV endothelial cells were also incubated with isolated L-cell virus only. The viruses were purified as previously de~cribed.~ Infectivity assays were performed by incubating PCMV endothelial cells plated in a 24-well dish (200,000 cells/well) with a series of dilutions of purified L-cell virus (1/10' to l/IOl3) in 100 pL medium composed of 10% FBS and Medium 199. Each dilution was performed in duplicate. After incubation at 37°C for 1 hour, 1 mL of medium was added to each well. The medium was changed twice weekly. The plates were monitored daily for 1 month.
For transmission electron microscopy specimens were fixed in 2% glutaraldehyde/l% paraformaldehyde in 0.1 m o m sodium cacodylate buffer (pH 7.5) for 30 minutes, postfixed in 1% osmium tetroxide, dehydrated in a series of graded ethanol solutions, and embedded in Epon (Polysciences, Warrington, PA). Ultrathin sections were stained with uranyl acetate and lead citrate, and examined with a transmission electron microscope (JEOL 100CX, Boston, MA). Monolayers of transformed cells were grown to confluence on glass coverslips and processed for scanning electron microscopy (JEOL CS35).
Transformed cells in passage 2 were cloned by diluting and plating a single cell per well in 96-well microtiter plates (Nunc). Clones were subcultured when wells became subconfluent. Using this method, three different clones, designated RVTE-I, RVTE-11, and RVTE-111, were established.
Both RVTE-I1 cells and nontransformed PCMV endothelial cells were assayed for reverse transcriptase according to the method of Poiesz et al." Human immunodeficiency virus 1 (HIV-1) and buffer controls were performed.
ZmmunocytochemistT for MZZ:RAg and Rauscher p-30 protein. FVI1I:RAg immunocytochemistry was performed according to previously described methods.' The presence of FVII1:RAg activity was observed by both immunofluorescence microscopy and transmission electron microscopy. The presence of the murine retroviral antigen, Rauscher p-30 core protein, was determined using a polyclonal antiserum from Microbiology Associates, Bethesda, MD. Briefly, cells grown in plastic culture dishes were fixed in 5% paraformaldehyde and thoroughly washed with phosphate-buffered saline (PBS). Anti-serum diluted 1:40 with 0.2% saponin in PBS was applied to fixed cells overnight at 4°C. After thorough washing, the cells were treated with horseradish peroxidase (HRP)-labeled secondary antibodies. The cells were then washed and treated with diaminobenzidine (DAB) and the immunoperoxidase activity was evaluated by both light and electron microscopy. L929 cells, RVTE-I1 cells, and nontransformed PCMV endothelial cells were evaluated for the presence of viral antigen using this method.
Enzyme-linked immunosorbent assay (ELZSA) of retroviralprotein. ELISA determinations of retroviral protein were made according to modifications of previously published methods." Antisera used for ELISA included anti-Moloney and anti-Rauscher p-30 core protein polyclonal antisera (Microbiology Associates), antiamphotrophic gp-70 polyclonal antisera, and anti-amphotropic p-12 polyclonal antisera. The anti-amphotrophic gp 70 and antiamphotropic p12 antisera were gifts from Dr Kenneth S.S. Chang
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(Laboratory of Cellular Oncology, National Cancer Institute, Bethesda, MD).
The presence of nonspecific esterase (NSE see Fig 7) was determined by modified methods of Li et ai." Fixed cells were incubated with the substrate a-naphthyl acetate (Sigma, St Louis, MO) at 37°C followed by coupling with the diazonium salt Fast Blue BB Base (Sigma). The presence of acid phosphatase was evaluated by modified methods of Goldberg and Barka." Fixed cells were incubated with the substrate naphthol AS-BI phosphoric acid (Sigma) at 37°C in the dark followed by coupling with the diazo compound fast garnet GBC salt (Sigma).
Endocytosis of DiI-Ac-LDL (Biomedical Technologies, Stoughton, MA) was examined using the method of Voyta et aLt9 RVTE-I, 11, and 111 cells, PCMV endothelial cells, and P388D1 mouse macrophage cells (American Type Culture, Rockville, MD) were evaluated for both Fc receptormediated and nonspecific phagocytosis.m21 Cells were plated 2 X l@ cells/well in 6-well culture plates using medium consisting of M199 supplemented with 10% FBS. After plating and a growth period, 6 x lo6 IgG-coated, 4.5 p, m latex beads (Dynal, Fort Lee, NJ) were added to each well. Incubations of 1, 2, 3, and 4 hours were performed at 37°C. After incubation, the cells in monolayer were washed thoroughly with Dulbecco's phosphate-buffered saline (DPBS) to ensure the removal of uningested beads. The specimens were then fixed in either 5% paraformaldehyde for 30 minutes or 2% glutaraldehyde/l% paraformaldehyde for 60 minutes and processed for light microscopy or transmission electron microscopy. P388D1 cells were used as a positive control. Negative controls included transformed cells incubated with beads for 1 hour at 4°C and nontransformed PCMV endothelial cells in monolayer incubated with beads as described above.
To eliminate the possibility that phagocytosis was not Fc receptormediated, RVTE-I1 and nontransformed PCMV endothelial cells were also examined for phagocytosis of 1 km fluorescein-labeled, carboxylated polystyrene beads (Polysciences). After plating on gelatin-coated glass cover slips and a growth period, subconfluent cell populations in 6-well culture plates were incubated with 100 pL of a 1.8 x 109/mL DPBS concentration of sterile beads. After incubation for 4 hours at 37"C, the coverslips were thoroughly washed with DPBS to remove excess beads. The cells were then fixed in 5% paraformaldehyde (pH 7.4), mounted on microscope slides, and examined with confocal fluorescence microscopy (BioRad, Cambridge, MA).
Bacterial phagocytosis experiments included plating of transformed cells (1@/35-mm well) for 24 hours at 37°C (95% air/5% 0,) followed by the addition of approximately 20 X lo6 Staphylococcus aureus (American Type Culture) to each well. Four conditions were tested: live bacteria with and without opsonization and heat-killed bacteria (60°C for 30 minutes) with and without opsonization. At the end of 3 hours, the cells were fixed and processed for both light and transmission electron microscopy.
RVTE and nontransformed PVMV endothelial cells were examined for the presence of the macrophageassociated membrane marker CR322 by an indirect immunofluorescent technique? Monoclonal anti-CR3 antibodies, both anti-murine/ human (Hybritech, San Diego, CA) and anti-human (Becton Dickinson, Mountain View, CA) were used. In the event that these antibodies did not cross-react with the porcine CR3 receptor, cells were tested for C3 receptors by determining the binding and ingestion of z y m~s a n . "~~~ Monolayers of RVTE-I1 and 111 cells and nontransformed PCMV endothelial cells were examined using opsonized and unopsonized zymosan A (Sigma). Fresh human serum was used to opsonize zymosan A. Cells were examined for Enzyme cytochemistry.
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For personal use only. on October 23, 2017. by guest www.bloodjournal.org From 296 zymosan binding and ingestion was by both light and transmission electron microscopy.
Three-day supernatants from L929 cells, nontransformed PCMV endothelial cells, and RVTE-I1 and I11 cells were examined for CSF-1 using the NFS-60 cell line.z5 The nontransformed PCMV endothelial cells used in this assay were in monolayer and without signs of self-organization. H'-thymidine was used to determine NFS-60 cell proliferation.
Induction of "rapid" self-orgnnization of PCMV endothelial cells and RVTE cells. Capillary-like cords of the transformed cells were propagated by using Cytodex-1 beads (Pharmacia, Piscataway, NJ) coated with human fibronectin (Sigma). Culture plates were first coated with hydrated beads in solution (2 g/50 mL PBS) and allowed to dry. Subsequently, fibronectin (330 to 1,000 &mL DPBS-calcium and magnesium free) was applied to the beadcoated plates and allowed to dry, followed by one washing in PBS. In each well, 2 x lo5 cells were plated on this tissue culture "scaffolding" in M199 with 10% FBS. After photomicrographs were made of the capillary-like structures, the plates were processed for transmission electron microscopy.
RVTE-I1 cells were examined for formation of "ring" cells, a differentiated phenotype characteristic of nontransformed PCMV endothelial cells when plated at low density on gelatin-coated surfaces? In addition, we evaluated the polar-planar compound, dimethyl sulfoxide (DMSO), as an inducer of this differentiated phenotype. DMSO is a well-known differentiation agent that can induce HL-60 cells to express phenotypic characteristics of mature granulocytes.26 RVTE-I1 cells plated on gelatin-coated surfaces were incubated in medium consisting of M199 with 10% FBS to which DMSO was added in concentrations of 1.25%, 2.5%, and 5% (vol/vol). The medium was changed twice weekly. The cells were examined daily for signs of "ring" formation.
Growth assays. Two-day growth assays were performed with a colorimetric method in which the tetrazolium salt MTT is reduced to the dye product formazan by the mitochondrial enzyme succinatedehydrogenase.*' Both serum and RDGFI4 were tested for mitogenic activity. In other experiments RVTE cells were propagated in suspension on bacto-agar coated (DIFCO, Detroit, MI) culture flasks with 1% FBS. Cell counts were performed at the beginning and end of suspension culture growth periods using a hemocytometer.
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RESULTS

Characterization of transformation.
The PCMV endothelial cell populations used in this study were determined to be free of other cell types as described? LCM-induced focus formation of discrete colonies of rounded and often nonadherent cells were observed by light microscopy ( Fig  1A) . Nonadherent cells could be selectively passaged without the use of enzyme digestion and, when plated at low density, these cells exhibited numerous macrophage-like morphologies, the most notable being ameboid and processbearing (Fig 1B) . At high cell density, multinucleated, apoptotic, and epithelioid cells in addition to rounded cells with tentacle-like cytoplasmic projections ( Fig 1C) were observed. Cloned cells also showed multiple cellular morphologies that were dependent on cell density (not shown). Transmission electron microscopy showed macrophage-like ultrastructural features including ruffled plasma membranes and eccentric nuclei with prominent nucleoli (not shown).
These cells satisfied several criteria used to define transformation." These criteria included focus formation, altered morphology, relative nonadherence, a decreased serum requirement for maintenance in culture, decreased growth response to stimulation with a known endothelial cell mitogen, ie, RDGF, and apparent immortalization (as RVTE cells have been in continuous culture without signs of senescence for > 100 weeks). Polyclonal cell populations showed anchorage-independent growth when placed in suspension culture on bacto-agar coated culture flasks, requiring only 1% FBS in M199 for growth (not shown). Adherent RVTE-I1 cells were growth stimulated with RDGF at concentrations threefold higher than those required for maximal growth stimulation of nontransformed PCMV endothelial cells (not shown). Clonal RVTE growth peaked at 5% to 10% (vol/vol) serum in M199. In contrast, nontransformed PCMV endothelial cell growth in serum exhibited a linear dose growth response with serum concentrations up to 40% (vol/vol) (not shown).
Using transmission electron microscopy, virus was observed to bud from plasma membranes (Fig 2A) , exist free in the extracellular space and, on occasion, reside in the cisternae of the rough endoplasmic reticulum. The virus was observed in RVTE cells after several passages in the absence of LCM. Virus budding from plasma membranes was also observed in L929 cells. However, in both RVTE cells and L929 cells the virions observed were few in number. The ultrastructure of the virus in both RVTE cells and L929 cells consisted of a core and an envelope, a fine architecture similar to that observed in other murine retroviru~es.~ Although cultured pig cells are reported to spontaneously release type C viruses after long-term c~lture,~' we have never observed viral particles in electron microscopic examinations of nontransformed PCMV endothelial cells.
Polyclonal anti-sera to the Rauscher p-30 core protein' were used to localize viral proteins immunocytochemically in both RVTE-I1 (Fig 2B and C) and L929 cells. Nontransformed PCMV endothelial cells did not express the Rauscher p-30 protein when examined with the indirect immunoperoxidase staining method. ELISAs of RVTE-I, L929 cells, and nontransformed PCMV endothelial cells (Fig 3A and B) showed a similar level of Rauscher p-30 protein in both RVTE-I cells and L929 cells. Increased levels of Moloney p-30 protein (Fig 3B) were also detected in RVTE-I cells when compared with both L929 and nontransformed PCMV endothelial cell controls. Interestingly, we detected Moloney p-30 retroviral proteins in several ELISAs of nontransformed PCMV endothelial cells (Fig 3B) . We suspect that this retroviral protein may be encoded by a porcine endogenous provirus that is ancestrally derived from murine retro~iruses.~.~' Analysis of Fig  3B shows that the quantity of Moloney p-30 in RVTE-I cells may be additive. Little or no amphotrophic p-12 and gp-70 viral proteins were detected by ELISA.
RVTE-I1 cells were positive for reverse transcriptase,
Evidence for retroviral infection.
For Morphology of the transformed cell plated at low density (6, original magnification x 75). When transformed cells were grown to confluence, scanning electron microscopy (C) showed a number of different morphologies (original magnification x 7,020). exhibiting a fivefold to sixfold increase in activity over both nontransformed PCMV endothelial cell and buffer controls. HIV-1 controls exhibited a 20-fold increase over that observed in RVTE-I1 cells and a 120-fold increase over that observed in nontransformed PCMV endothelial cell and buffer controls, suggesting that RVTE-I1 retroviral infection was low level, a finding in keeping with examination by transmission electron microscopy where virions were observed to be few in number.
Macrophage-like characteristics of RVTE cells. Macrophage characteristics of the transformed cell were evaluated with a battery of testsmsz1 including histochemical enzyme staining, examination for the presence of membrane receptors, and assays for phagocytosis (Table 1) . Enzyme cytochemistry showed an increase in staining of both nonspecific esterase and acid phosphatase in RVTE cells when compared with nontransformed PCMV endothelial cells in monolayer. However, self-organizing PCMV endothelial cells exhibited increased nonspecific esterase staining. Control P388D, mouse macrophages expressed both nonspecific esterase and acid phosphatase (Table 1) . Cytochemically, L929 cells expressed neither nonspecific esterase nor acid phosphatase. Transformed cells readily endocytosed DiI-Ac-LDL. Although macrophages and some types of cultured endothelial cells endocytose DiI-Ac-LDL, nontransformed cultured cerebral microvascular endothelial cells reportedly do not." With exception to this finding we found that nontransformed cells endocytosed DiI-Ac-LDL during self-organization or when passaged into senescence. P388D, mouse macrophages and L929 cells served as positive and negative controls, respectively, for DiI-Ac-LDL endocytosis.
Polyclonal RVTE cells were heterogeneous with regard to phagocytosis of IgG-coated latex beads (Fig 4A and B) . At 4 hours, about 20% to 25% of cells in a polyclonal population were noted to have phagocytosed three or more beads. Bead ingestion increased with longer incubation times (up to 72 hours). Ingestion was observed in neither RVTE-I1 nor nontransformed PCMV endothelial cells in monolayer when cells were incubated with carboxylated For personal use only. on October 23, 2017. by guest www.bloodjournal.org From polystyrene beads (not shown) indicating that this phagocytic property of RVTE cells was Fc receptor-mediated.
To distinguish possible clonal differences in IgG-coated latex bead ingestion, we measured phagocytosis in subconfluent cultures of RVTE-I and RVTE-I1 cells over a 4-hour period. Thirty percent of cells in the RVTE-I1 culture phagocytosed three or more beads whereas only 10% of RVTE-I cells phagocytosed three or more beads. This phagocytosis ratio of 3 to 1 was maintained in superconfluent cultures where the absolute numbers of phagocytosing cells increased to 75% to 80% of the RVTE-I1 cell population. Therefore, phagocytosis of IgG-coated latex i t
Fig 4. Phagocytic characteristics of RVTE cells. Transformed cells
phagocytosed IgG-coated latex beads as obsewed by both light microscopy (A, original magnification x 110) and transmission electron microscopy (6, original magnification x 6,000).
Fig 5. Phagocytosis of live, opsonized Srsphy/ococcus (A) was obsewed in bacterial phagocytosis experiments by light microscopy (original magnification x 270) and by transmission electron micros-COPY (6).
beads appeared to be constitutively different and densitydependent in the RVTE-I and I1 cell lines. RVTE-I11 cells were also examined for ingestion of IgG-coated polystyrene beads. At 4 hours, approximately 30% to 50% of RVTE-111 cells in a confluent monolayer rosetted IgG-coated beads.
Less than 5% appeared to ingest the beads. However, when re-examined at 24 hours, the number of RVTE-111 cells observed to phagocytosed appeared to increase twofold.
RVTE cells phagocytosed opsonized live bacteria (Fig  5A and B) Transformed cells were examined for the presence of C3 receptors using both fluorescent immunocytochemistry and a zymosan phagocytosis assay. We were unable to localize CR3 using antibodies to human and mouse CR3. In the event that these antibodies did not cross-react with porcine CR3, we examined the cells for binding and phagocytosis of zymosan. Opsonized and unopsonized zymosan was bound and ingested by RVTE-I11 cells. Approximately 20% to 25% of RVTE-I11 cells either bound or ingested opsonized zymosan. This result suggests that RVTE-I11 cells express a C3 receptor, presumably CR1." Approximately 5% of RVTE-I11 cells in monolayer bound and/or ingested zymosan that was not treated with fresh serum. Such complementfree zymosan binding is presumed to occur at an a-chain site of CR3, a binding site that is distinct from the binding site for iC3b.z' Therefore, a small number of RVTE-I11 cells may express CR3. However, we could not rule out the possibility that RVTE-I11 cells produce complement and, so, might opsonize zymosan directly before binding and/or ingestion by way of CR1. Neither RVTE-I1 cells nor nontransformed PCMV endothelial cells bound or ingested zymosan.
Both RVTE-I1 and RVTE-I11 cells phagocytosed other lethally damaged RVTE cells (not shown). However, we could not determine if RVTE cells were involved in cell killing. This phagocytic characteristic was initially observed by light microscopy and corroborated by transmission electron microscopy.
Both L929 cells and RVTE-I1 cells constitutively secrete high amounts of CSF-1 (400 to 600 ng/mL) as determined by the NSF-60 cell line assay. In some assays, half-maximal activity was observed at sample dilutions of 1:64. RVTE-I11 cells produced small amounts of CSF-1 (14 to 35 ng/mL) while nontransformed PCMV endothelial cells produced either small (4 to 10 ng/mL) or undetectable ( < 1 ng/mL) amounts of CSF-1. Although RVTE cells exhibited various macrophage characteristics that nontransformed PCMV endothelial cells did not, they did retain nontransformed PCMV endothelial cell properties including FVII1:Rag expression and in vitro selforganization into capillary-like structures ( Table 1 ). The self-organization observed was both "spontaneous" (occurring within a period of 2 to 3 weeks on gelatin-coated glass coverslips in the presence of heparin) and "rapid" (occurring within a period of 12 to 24 hours and induced by use of fibronectin-coated surfaces) (Fig 6) . Similar three-dimensional rapid self-organization has been observed in both PCMV endothelial cells and adrenal bovine capillary endothelial cells cultured on Cytodex beads.'.* However, in both "spontaneous" and "rapid" self-organization, the capillarylike structure of self-organized RVTE cells consisted of cells lined up almost end-on-end (Fig 6A and B) . Neither P388D, cells nor L929 cells self-organized "spontaneously"
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when maintained in continuous culture for several weeks (Table 1) .
Cross sections of "rapidly" induced RVTE capillary-like structures were examined with transmission electron microscopy (Fig 6C) . We observed lumina, formed both unicellularly (within single cells) and multicellularly (bordered by 2 to 3 cells), in addition to cell debris. Although the nucleus often remained eccentric with prominent nucleoli (macrophage-like ultrastructural features), the nuclear/cytoplasmic ratio often increased and plasma membranes typically became less "ruffled" (endothelial-like ultrastructural features). We observed no viral particles on close inspection of numerous transmission electron micrographs of RVTE capillary-like structure cross sections.
RVTE-I and RVTE-I1 cells were compared in a "rapid" self-organization experiment to define qualitative or quantitative differences in capillary-like morphogenesis in vitro. RVTE-I1 cells appeared to self-organize more rapidly than RVTE-I cells. However, by day 3 of this 5-day experiment little or no difference was observed in the total number of capillary-like structures formed by each clone.
In addition, RVTE-I1 cells exhibited a characteristic, microvascular endothelial "ring" cell morpholod (not shown) when plated on gelatin-coated culture dishes for several days. This "ring" cell morphology could be increased dramatically by treatment with DMSO (optimal concentration 2.5% [vol/vol]). Occasional nonadherent, floating "ring" cells were observed in some RVTE-I11 cultures.
Macrophage-like characteristics of nontransfoimed PCMV endothelial cells during self-organization. We have observed various macrophage-like properties in nontransformed PCMV endothelial cells (Table 1) during self-organization into capillary-like endothelial cords.' Solitary, rounded cells with ruffled plasma membranes are commonly observed on the exterior of these cords during development (Fig 7A) and appear to reflect the migration and motility of PCMV endothelial cells en masse during self-organization in vitro. In addition, expression of the macrophage-associated enzyme, nonspecific esterase, is increased in nontransformed PCMV endothelial cells during self-organization (Fig 7B) . In previous investigations, nonspecific esterase staining of nontransformed PCMV endothelial cells could not be used as a specific endothelial cell marker.* However, nontransformed PCMV endothelial cells that are actively involved in the formation of three-dimensional capillary-like structures exhibit increased nonspecific esterase activity while those cells remaining in monolayer exhibit only slight cytochemical activity (Fig 7B) . Some nontransformed PCMV endothelial cells also endocytosed DiI-Ac-LDL during selforganization suggesting that this low density lipoprotein scavenger receptor is inducible. Thus, ac-LDL receptor expression may indicate a change in PCMV endothelial cell phenotype. In addition, recent observations in our laboratory suggest that macrophage-like, nontransformed PCMV endothelial cells phagocytose other lethally damaged PCMV endothelial cells or cell debris during PCMV endothelial cell morphogenesis in vitro?
For 
DISCUSSION
As early as 1932, Dietrich3' suggested that the endothelium of brain may become phagocytic. Madri and PrattM have described "a migrating, mitotically active cell type" or "alternative phenotype" in their model of microvascular endothelial cell angiogenesis in vitro. Other recent invesof endothelial cells in vitro.
Our observations suggest that, during self-organization in vitro,? nontransformed PCMV endothelial cells may diversify into three basic phenotypes: (1) structural cells that form the capillary wall; (2) core cells that die during lumen formation, reflecting the lumen-forming capacity of single endothelial cells; and (3) macrophage-like cells that migrate individually, phagocytosing other cells and/or cell debris during both lumen formation and "remodelling" of the capillary-like structures. This phenotypic diversification, although development-specific, may involve limitations in nutrient diffusion.' For convenience, we refer to this morphogenetically determined phenotypic diversification of PCMV endothelial cells as morphotypism. LCM tigationy~3..U.37 .
have stressed the macrophage-like properties appears to have an important role in exposing the macrophage-like "alter ego" of the cerebral microvascular endothelial cell in vitro.
LCM has been used previously to induce bone marrow cells to produce macrophage-like cell These cell lines differ significantly with regard to phagocytic characteristics, cell surface receptors, and the production of CSF-I. cytokine(s). Previous studiesR.' differ with regard to the infectivity of the L-cell virus. Radaelli et aI9 suggest that this result is because the virus is envelope deficient. In agreement with this, we found little or no gp-70, an envelope protein, in RVTE cells or L929 cells. However, an envelopedeficient virus might gain entry into a host cell by (2) cell receptor-mediated endocytosis"''-' facilitated by LCM cytokine(s). In this study, we were able to document: (1) the presence of infectious retrovirus cell virus in RVTE cells after incubation with "complete" retrovirus-containing LCM, and (2) The absence of PCMV endothelia! cell infection after incubation with the L-cell virus alone. This evidence suggests that both LCM cytokine(s) and the L-cell virus are involved in the transformation observed. However, confirmation may require incubation of PCMV endothelial cells with LCM cytokine(s) alone. Incubation of cells with CSF-1 alone might not suffice as there are indications that, besides CSF-1, LCM contains other species of colonystimulating activity.""' Although yet to be defined, the molecular mechanism of this transformation may involve insertion of L-cell retroviral long terminal repeats (LTRs) into the endothelia! cell genome, thereby enhancing the expression of native host cell proto-oncogenes.'" Enhancement of the macrophageassociated proto-oncogene c-fms"'."' seems an attractive possibility as this might account for the macrophage-like properties observed in CSF-1-producing RVTE cells. Constitutive coexpression of c-fms and CSF-I might account for differentiated macrophage-like properties through an autocrine mechanismM."' or the transformation may be because of a CSF-1-independent expression of a v-onc-encoded CSF-1 receptor constitutively activated by point mutations."' In mouse myelomonocytic leukemias, the insertion of an LTR alone has been shown to activate proto-oncogene c-fms and its gene product, the CSF-1 receptor.4' Furthermore, nontransformed endothelial cells are known to both produce''." and respond"' to various hematopoietic growth factors, suggesting that the endothelia! cell genome may be permissive for proviral insertion and activation of c-fms." Although there are no reports that the L-cell virus transduces viral oncogenes, we cannot rule out the possibility that c-fms and CSF-1 sequences were introduced into the PCMV endothelial cell genome by the L-cell virus.
We have evaluated macrophage-like properties of RVTE cells and nontransformed PCMV endothelia! cells using a battery of tests for phagocytosis and enzyme cytochemistry.
One phagocytic property of RVTE cells (both clones I1 and 111) is Fc-receptor mediated.""' Viral infection in vitro has been reported to induce expression or unmasking of Fc and C3b receptors on the endothelial cell In RVTE cells Fc-receptor expression"' and other macrophage-like functions' may be further augmented by constitutively produced CSF-1. RVTE-111 cells bind and ingest both opsonized and unopsonized zymosan. This finding suggests that these cells express C3 receptors (CRl and possibly CR3).'-' RVTE cells and self-organizing, nontransformed PCMV endothelia! cells express increased activities of the macrophage-associated enzyme, nonspecific esterase," when compared with nonself-organizing, nontransformed PCMV endothelial cells. Some RVTE-I1 and 111 cells and selforganizing, nontransformed PCMV endothelial cells phagocytose other lethally damaged cells or cell debris. In addition, RVTE cells and some self-organizing or senescent nontransformed PCMV endothelial cells express the acyl-LDL receptor. Previously, this lipoprotein scavenger receptor has only been found on monocyte-macrophages and endothelial cell types other than cerebral microvascular endothelial cells." Altogether, the comparisons outlined in Table 1 suggest that some phenotypic differences between macrophages and PCMV endothelia! cells appear to be of degree.
The observation that the LCM-mediated transformation of PCMV endothelia! cells enhances macrophage-like characteristics but does not ablate the capacity of selfFor personal use only. on October 23, 2017. by guest www.bloodjournal.org From organization shows close phenotypic, and possibly ontogenetic, relationships between hematopoietically derived central nervous system (CNS) elements, such as various microglial elements,"s2 and the cerebral microvascular endothelial cell. This evidence may indicate a link between macrophage-like tissue-modelling ameboid microglia and microvascular endothelial cells in the developing CNS. In a recent series of elegant in vivo and in vitro studies of mouse yolk sac hematopoiesis, Takahashi et als3 and Naito et als4 have shown the existence of two distinct hematopoietic stem cell-derived macrophage populations. One population is "primitive"/fetal and temporally precedes the development of the other, a monocyte-macrophage population. Therefore, given the macrophage-like properties outlined in Table 1 , we propose that, ontogenetically, the cerebral microvascular endothelial cell might be placed in a hematopoietic stem cell lineage composed of or related to "primitive"/fetal macrophages. As regards CSF-1, constitutive production by RVTE cells suggests that this CSF could play an important role in regulating monocyte/macrophage, microglial and microvascular endothelial cell-mediated tissue modelling42 during early fetal brain development. As corollary, CSF-1 and the CSF-1 receptor appear to play important development roles in both placenta and trophoblast.ss356 We are currently evaluating transformed and nontransformed PCMV endothelial cells for development-specific and/or nutrient-limited expression of CSF-1 and the CSF-1 receptor. Whether or not endogenous proviruses and retroviral-like such as those we detected in nontransformed PCMV endothelial cells, are important to macrophage-like cerebral microvascular endothelial cell phenotypic expression or development remains to be determined. However, evidence is mounting as to the involvement of related retro-elements, such as rodent VL-30 elements, in eukaryotic proliferative" and stresss8 responses.
As genetic vectors, retroviruses are useful tools for studying developmental biology." Although our insights were gained without the use of molecular cloning and retroviral vector design, relying rather on the comparatively unsophisticated method of cell infection with a retroviruscontaining conditioned medium, we have found that the L-cell virus, too, appears to be a useful tool for studying the developmental biology of the cerebral microvascular endothelial cell. Mouse and rat cerebral endothelial cells have been reported to express several differentiated endothelial characteristics after transf~rmation?~*~ However, to date there are no reports concerning a retrovirally transformed endothelial cell line that expresses both the characteristics of self-organization into capillary-like structures in vitro and macrophage-like properties.
The concept of morphotypism, as indicated by both PCMV endothelial cell self-organization and retroviral transformation and immortalization, allows insights into diverse brain capillary pathophysiologies. Brain capillary endothelial cell-to-phagocyte (ie, macrophage-like cell) transformation might occur in human cerebral HIV infection although current speculation centers around infiltration of the brain with an HIV-infected, blood-borne, monocyte/macrophage61'62 or infection of microglia.63 Immune disease of the CNS64,65 might involve a macrophagelike capillary endothelial cell in antigen presentation, phagocytosis, or secretion of toxic cytokines. In any brain capillary injury, endothelial cells might phagocytose nearby lethally damaged cells through mechanisms similar to the recognition and destruction of lethally damaged cells by mac~ophages."~~' In wound repair and tumor neovascularization, morphotypic microvascular endothelial cells might subserve both the phagocytic and secretory functions of macrophages obviating or modulating monocyte/macrophage recruitment from outside the local e n v i r~n m e n t .~.~~ Finally, the "reticuloendothelial" nature of this retrovirally transformed endothelial cell may show that many capillary pathophysiologies reflect the ontogenetic imperative of endothelial cell morphotypism in the sophisticated processes of eukaryotic tissue modelling and organization.
